Plug-in electric vehicles (PEV) are considered to be a potentially sustainable alternative to conventional vehicles for private transport and a way of balancing intermittent generation from renewable energy sources (RES). Using RES for electric mobility would be superior to all available fossil generation alternatives in terms of emissions and efficient energy conversion. To quantify the marginal energy from RES used, two charging strategies last trip charging and optimized demand-side management (DSM) with dynamic pricing are investigated for a German long-term high RES power mix scenario. The results for both charging cases indicate that the power demand for PEVs will not be met by RES. For last trip charging 1.40% comes from RES. In terms of DSM this share increases to 7.38% but results in higher overall CO 2 emissions because for Germany coal provides the lowest cost fossil power. Hence DSM charging reduces peak load and helps to balance RES generation but is contrary to the original idea of clean transportation because of higher marginal emissions caused by the utilisation of coal.
Introduction
The greenhouse gas emissions of plug-in hybrid electric vehicles and/or battery electric vehicles (PEVs) are unquestionably determined to a large extent by how the electricity is generated. However, the usual least cost marginal dispatch method of assigning generation to various loads may not assign renewable energy sources (RES) as the provider of electrical energy to PEVs, even if the timing of RES generation and charging are coincident. The following discussion focuses on two methods of assignment of electricity generation mix for PEVs, under circumstances where (1) PEV owners leave the selection of generator to the system operator versus (2) the PEV owner contracts only for purchase of RES for charging. The paper does not consider the complete life cycle of electric vehicles including vehicle and battery production as well as recycling and transportation issues. A general literature analysis reveals that the emissions during the production of electric vehicles are higher than for conventional vehicles because of battery production (see [1] [2] [3] ). It is therefore even more important to use clean electricity to power the vehicles. Figure 1 1 illustrates our estimates of the fuel and/or technology pathway averages of tank-towheel CO 2 emissions of the electric drive train compared to conventional vehicles. A strong variation depending on the fuel used can be observed for the conversion of electricity. Fossil fuels, especially coal and lignite, do not considerably alter PEV emissions per kilometre relative to conventional vehicles. Only a very efficient conversion technology, using combined cycle gas turbines and renewable energy sources such as wind and solar, can reduce PEV emissions significantly. The wide span between lignite and wind also underlines the importance of the electricity source for the life cycle analysis. The effect of the PEVs' demand on the power system has been examined by various studies (e.g. see [5] , [6] and [7] ). These studies show that the results are strongly influenced by the merit order, which depends mainly on the power plant efficiencies and fuel prices as well as the load curve to which the PEVs' demand is added. Further, [7] indicates it is theoretically possible to dispatch clean power plants if the system operator is the only player in the market or if emission taxes are included. In contrast to previous studies, the present analysis also considers a power system base case with a high share of RES. Such a system is distinguished by its low utilization of base load power plants.
Due to the adoption of RES, the variability of fossil power plant load increases under all circumstances. In other words, the residual load varies over the total merit order. Hence, there is a much higher probability that base load power 1 Because of assumptions on efficiency and emissions factors values can vary in the range of 10 to 20%. plants and even RES will be the marginal power plant. It seems very likely that, without very high emission taxes, coal will dominate [8] the lower price part of the merit order in the future in Germany. These and other results imply that PEVs using smart charging where coal provides a significant portion of generation will not reduce the CO 2 emissions of the transportation sector [9, 10] (also see Figure 2 ). It may be deduced that RES are necessary to fuel PEVs in order to achieve a significant reduction of CO 2 emissions unless nuclear power instead of coal provides most base load capacity. This paper addresses the behaviour of an electric generation mix where coal dominates current base load capacity while RES additions are considered highly desirable, so RES achieves a very high share of generation. This very high use of RES drives down the capacity utilization of base load (coal) power plants. Consequently, nuclear power plants cannot be competitive because they do not realize sufficient revenue to offset their higher initial costs. The paper is structured as follows. Section 1 introduces an hourly resolved energy system model. A 2030 scenario is then developed for Germany based on the assumptions about the power plant park, the RES in the electricity system and the penetration of plug-in hybrids (PHEVs) and battery electric vehicles (BEVs) summarized in Section 2. The marginal CO 2 emissions resulting from the five simulations are presented in Section 3. Finally, Section 4 provides several conclusions.
Model approach
The effects of PEVs on the electricity system are investigated by combining the following approaches: a stochastic model to determine mobility behavior, an optimization model to minimize vehicle charging costs, and an agentbased electricity market equilibrium model to estimate variable electricity prices and power plant utilization [11 & 12] . The variable electricity prices are calculated based on marginal generation costs. The marginal costs of intermittent RES are very low and assumed to be zero. Hence, the estimated electricity prices provide incentives to consume electricity when the supply of renewable generation is high. Ramping constraints are considered by using start-up costs. We distinguish two cases of PEV charging demand: after the last trip (Last trip) and demand side management (DSM). In the DSM case, vehicles minimize costs of their electricity consumption according to the price signal. An important attribute of PEVs is that the vast majority of their daily kWh needs can be met by charging overnight. With charger kW ratings assumed here, the timing of charging can be varied significantly within the overnight hours. A charging option not evaluated here is to specify achievement of a full charge just prior to morning departure [13 & 14] . The market equilibrium model used here is very detailed. It calculates the exact utilization of power plants for all 8760 hours a year. Comparing simulation runs with and without PEVs shows how much power each plant provides to operate the PEV fleet. Using this approach we address the following issues:
 Estimating PEV CO 2 emissions when fossil power plants serve most PEV needs under least marginal cost dispatch.  Analyzing which fossil power plants still must be utilized even though additional energy is required to be provided by RES with the intention to equal the amount consumed by the PEVs.
 In both of the scenarios above, for the DSM vs. Last trip charging strategies, investigating the effect of RES added by DSM on the CO 2 emissions.
Assumptions
To compare the electricity produced for PEVs, we distinguish two scenarios: (1) least cost marginal dispatch of a fixed amount of existing RES capacity using existing fossil generators to meet additional PEV loads, or (2) incremental capacity investment and generation to serve additional PEV loads, contractually dedicated only to RES. For scenario (1) and (2), a conventional power plant mix (see Figure 2 ) is selected using a cost minimization approach which is based on the fuel and CO 2 prices assumed in 2030. The power plant park of dispatchable capacity is unchanged for both scenarios. In scenario (1), a RES share of 62 percent of the electricity produced is assumed [15] 2 . Additional RES capacity to serve for scenario (2) originates from wind onshore, wind offshore and photovoltaic generation. In both scenarios, an increase of PEV demand of 19.16 TWh for last trip charging and 24.79 TWh for DSM is assumed. The larger PEV TWh for the DSM assumption is enabled by a higher availability of free charging infrastructure (at home and at work). In terms of last trip charging a PEV consequently charges only once a day whereas DSM allows for multiple charging opportunities, diurnal load shifting, and even dayto-day shifting. 2 Wind onshore 37.8 GW, wind offshore 25 GW, photovoltaic 63 GW additionally hydro, biomass and geothermal energy production are considered (for details see [15] ). Source: Own calculations and [10] ; assumed prices: CO 2 = 52 €/t, coal =23.4 €/MWh, lignite = 3.8 €/MWh, gas = 49.68 €/MWh, oil = 58.68 €/MWh; installed capacity: oil 0.7 GW; gas turbines 38.2 GW; combined gas and steam 1.6 (η = 45-59) and 13.8 GW (η = 60-65); coal 14.9 GW, lignite 9.2 GW; waste 0.8 GW.
The PEV penetration scenario follows [17] , which studies a 100% penetration of alternative vehicles (HEVs, PHEVs, BEVs and FCV) 3 in Japan in 2050. The penetration of PHEVs and BEVs was adapted to the German passenger vehicle market. The electric vehicle concepts distinguish PHEVs with 4.5 kWh or 12 kWh and BEVs with 15 kWh or 30 kWh usable battery storage (see Table 1 ). Although the PEVs in Table 1 would typically be parked overnight for 9 or more hours, the charger kW capabilities allow charging in a much shorter time, creating the possibility to vary both timing and rate of charging while still meeting the PEV customer's needs. With regard to PEVs' energy use, it is assumed there is a reduction in weight as well as in air and rolling resistance compared to today's average vehicles 4 . The total PEV penetration in 2030 is 12 million or 24% of the total passenger vehicle fleet, with PHEVs accounting for over 80% of PEVs (69% of useable fleet storage capacity)
Results

Scenario 1: -Least Marginal Cost Dispatch
The PEV's marginal energy source is given by the differences in power plant generation between the simulations excluding and including PEVs. 4 Values in the weight range 800-1400 kg, drag coefficient 0.2 -0.26 and rolling resistance 0.0045 -0.006. For details on the fuel consumption of PEVs see [18] , [19] and [20] .
-excluding PEVs, last trip charging and DSM. In terms of generation, fossil and renewable energy sources (RES) are distinguished, as is the total annual negative residual load 5 . Negative residual load occurs when RES generation exceeds all system needs. It requires transmission and sales outside of the system, and/or curtailment of RES, both of which add cost. The reduction of the negative residual load between the scenarios including and excluding PEVs is due to the marginal electricity consumed by PEVs from RES. For last trip charging, this reduction is 0.27 TWh of 19.16 TWh total demand for the last trip case, increasing to 1.81 TWh of 24.79 TWh total demand for DSM. The implication is that DSM with least marginal cost dispatch actually increases the match of wind generation to PEV charging, in comparison to the last trip charging profile. However, it is also true that the total PEV TWh increases in the DSM case, and this probably also provides a negative residual load reduction benefit. Although PEVs' marginal generation is dominated by fossil fuels with 18.9 TWh and 22.98 TWh in the two charging cases, it is nevertheless true that the simulated system takes advantage of RES support at times. Fossil generation for last trip charging is dominated by gas as a primary energy source (see Figure 3) . Smart charging or DSM shifts demand to hours with lower marginal costs. Typically, in these hours, the marginal power plant is one with higher CO 2 emissions such as coal, or, for 5 Negative residual load is RES generation not usable within the simulation limits. Negative residual load occurs if RES generation exceeds the demand. Germany, lignite (see Figure 2) . The fossil generation mix of PEVs using DSM therefore is dominated by coal (see Figure 3 ). DSM and increased PEV demand together increase the share of RES (7.38% versus 1.40%). DSM reduces the peak load and balances the intermittency in the grid (see [12] ). However, with the given power plant park, DSM also increases total CO 2 emissions. This pattern was also seen in U.S. simulations for regions that are coal dependent [9, 10] . The specific CO 2 emissions for electricity generated to provide for last trip charging are 558.21 g/kWh. For DSM they increase to 614.19 g/kWh. The increase in the fraction of marginal RES generation is not large enough to compensate for the increase in the share of CO 2 -intensive base load power plants. Assuming energy use of 0.2 kWh/km, emissions per kilometer of average PEV driving are 111.64 g/km for last trip and 122.84 g/km for DSM charging. These values are in the range of today's efficient passenger vehicles using combustion engines. They are somewhat lower than the average combustion engine vehicles projected for 2030 in Fig. 1 . As was estimated for the U.S. [9, 10] , there must be a significant share of natural gas generation to bring PEV electric driving CO 2 averages estimated using least marginal cost dispatch below estimates for conventional vehicles
Scenario 2: Construction and Dispatch of RES to Serve PEVs
Many utilities in the United States have set up legal frameworks under which consumers may contract to purchase electric power that is nominally purely from RES. These programs are described as "an optional utility service that allows customers to support a greater level of utility investment in renewable energy by paying a premium on their electric bill to cover any above-market costs of acquiring renewable energy resources" [21] . These programs give purchasers of PEVs who may wish to do so the opportunity to pay more to minimize their CO 2 . Nominally, the electricity needed would be provided from additionally installed RES 6 . However, critics might argue that the actual timing of the RES generation would not match the charging time of the PEVs. However, as we have noted, the timing of overnight charging of a PEV can technically be quite flexible. A great deal of flexibility is already built into the charge timing set up options available to PEV owners. General Motors and Google are working together to provide a capability to make charge rates track the availability of RES, by obtaining wireless information on RES generation shares from the system operator [22] . We assume in this analysis that automated real time control of charging of PEVs is possible at reasonable cost in 2030, by using an assumption of very elastic real time response to independent system operator (ISO) control signals. We represent a scenario where consumers (or possibly governments via regulation [23] ) demand to have their PEVs and RES be a part of a linked system designed to minimize fossil fuel use. As in scenario 1, 19.16 TWh (last trip) and 24.79 TWh (DSM) of additional energy are required to serve PEVs. This energy is legally obligated to come from RES. However, even with additional RES, it is technically not possible for the simulated system to provide all of the power needed to drive renewably. Intermittent RES supply does not necessarily match PEVs' demand. Nevertheless, it should be noted that the timing of wind availability and charge acceptance from a fleet of PEVs can be matched better, with less consumer inconvenience, than any other electrical appliance that will be in use in 2030. A good match was found by J. Wang et al for Illinois in the U.S. [16] . In this analysis, for last trip charging, net generation of only 1.96 TWh or about 10% of the electricity still has to be provided by conventional power plants. For DSM, the net fossil energy 6 The German government has announced that the electricity for electric vehicles should come from additional RES. Figure 4 : Change in electricity production by source while installing additional renewable energy sources to cover the demand of electric vehicles. Note: Unit of values TWh needed is only 0.16 TWh or less than 1% (see Table 3 , Fig. 4 ). For scenario 2 it is not possible to unequivocally decompose the mix of electricity needed from controllable power plants due to two overlapping effects. First, the additional RES generation replaces controllable generation and, second, a small fraction of electricity from controllable power plants is still consumed by PEVs. The approach used does not allow these two effects to be separated. The change in electricity produced compared to the simulation without PEVs (see Figure 4) indicates that the additional RES mainly replaces coal with generation from gas-fired power plants. For DSM, less coal is replaced (24.3 TWh reduction versus 25.53 TWh reduction). 
Conclusions
This paper investigates the utilization of thermal power plants and renewable energy sources including and excluding the electricity demand of plug-in electric vehicles in Germany. Compared to approaches which use the average CO 2 emissions of the power plant park, the methods used here allow the electricity consumption of electric vehicles to be directly assigned to individual power plants and therefore provide much more accurate results. In scenario 1 this work reproduces results obtained in similar least marginal cost simulations in the U.S. To the best of our knowledge, this paper is the first to examine the technical allocation of generation energy to PEVs that are required either by regulation or contract to be served by RES. It is found in this simulation that the legal fiction that PEVs could entirely be served by RES under such operational targets is not terribly inaccurate. The conclusions in detail are:  For the case study made, but also for other electricity systems, the CO 2 emissions from the power plants allocated to PEVs via "smart charging" using least marginal cost can be higher than the average of the total power plant mix 7 , particularly if coal dominates base-load generation capacity [5, 9, 10] . A higher share of renewable energy sources (RES) magnifies this effect because RES only very rarely function as the marginal power plant.  On the one hand, least marginal cost smart charging or DSM, in comparison to uncontrolled last trip charging, increases the share of RES as real time dynamic price signals cause variable charging rate increases when wind is available, in order to reduce net costs. In our scenario 1 case study an increase of RES from 1.40% to 7.28% was simulated via adoption of sophisticated dynamic DSM. On the other hand, such smart charging also results in a higher utilization of coal power plants due to their low marginal costs and the reduced variability of RES load, net of charging. CO 2 is increased because of the resulting higher utilization of coal and lignite which have very high CO 2 emissions (negative effect). In detail, electric driving results in 112 g CO 2 equivalent per kilometer for last trip and 123 g CO 2 equivalent per kilometer for smart charging. Either value is a minor emission reduction compared to conventional vehicles.  A higher utilization of base load power plants can be positive in terms of CO 2 emissions if combined cycle gas turbines or combined heat and power serve base load requirements [7] . Aside from the United States, where shallow, inexpensive shale gas has driven supply estimates up while expanding production has driven the price of natural gas down sharply [24] , the expected price spread 7 This study excludes nuclear power because the planned nuclear phase out in Germany and CO 2 sequestration because of the very high costs resulting from a low utilization in systems with a high RES share and technology uncertainty.
between coal and gas as well as the installation of new power plants in the past [8] indicate that coal is likely to be dispatched as the marginal power plant for smart charging PEVs in many power systems of the world.  To improve the life cycle emissions of electric vehicles, governments, automotive companies and consumers are considering the installation and, in some cases, exclusive use of additional RES. In scenario 2 this exclusive RES use strategy was simulated to result in a significant reduction of CO2 emissions. DSM via dynamic smart charging and higher TWh of PEV use together achieved higher RES use and thus an even greater CO 2 reduction than last trip charging (10.7 versus 23.4 g CO2 equivalent per kilometer). The largest reductions resulted when a dynamically controllable smart charging system was implemented, because even less controllable fossil power was needed. Although the CO2 percentage improvement from DSM instead of last trip charging is large, the added change relative to overall reduction from a gasoline vehicle is not particularly large. The greatest benefit comes from the commitment to build RES to serve PEVs.
The paper confirms the importance of the future choice of electricity source in terms of the life cycle emissions from a relatively large fleet of PEVs. The paper shows that, according to least marginal cost principles of power plant dispatch, in an environment with a very high share of previously mandated RES with smart, dynamic charging, and significant coal capacity, standard estimates of marginal CO 2 emissions for electric driving can be very high. Significant emission reductions are possible and logically attributable to RES if RES generators are dedicated for use to provide electricity to the PEVs. In scenario 2, which is more costly than scenario 1's use of existing fossil power plants to charge PEVs, the incremental capital investment for PEV charging chosen by consumers and/or governmentsdespite its higher fully allocated cost -was RES. The reward would be nearly fossil free transportation service from the plug, reducing oil imports, greenhouse gases and tailpipe emissions.
